Organic solutes such as betaines, polyols, and proline are accumulated by many bacteria, animals and plants as an adaptation to salt or water stress (1, 2) . These compounds, termed compatible osmolytes or osmoprotectants, are compatible with metabolism and can reduce ion toxicity (1) . Their biosynthetic pathways were accordingly identified more than a decade ago as targets for metabolic engineering to improve stress tolerance. The potential of this approach has now been demonstrated by engineering the accumulation of glycine betaine in microorganisms (3, 4) and mannitol or proline in tobacco (5, 6) .
Glycine betaine is a particularly widespread and effective osmoprotectant (1, 2, 7) . In plants, it is synthesized by a two-step oxidation of choline: choline 3 betaine aldehyde 3 glycine betaine. In spinach, the first step is catalyzed by choline monooxygenase (CMO), a ferredoxin-dependent enzyme that produces the hydrate form of betaine aldehyde (8) . The second step is mediated by betaine aldehyde dehydrogenase (BADH) (8) . Both CMO and BADH are located in the chloroplast stroma and increase in activity in response to salt stress (8) . It proved to be straightforward to purify BADH and to use protein sequence data to isolate BADH cDNAs from various plants (see refs. 9 and 10). Some of these have now been expressed in transgenic tobacco (10, 11) . In contrast, cDNA cloning of CMO has been refractory because the enzyme itself is most unusual.
CMO is in fact unique to plants. In other organisms, flavoprotein dehydrogenases or oxidases catalyze the choline oxidation reaction (3, (12) (13) (14) (15) . CMO may also be unique among plant oxygenases. Unlike many of these, it appears not to be a P450 enzyme: it is not membrane-bound, it is not sensitive to CO, and its optical spectrum is not that of a heme protein (16, 17) . The features of this spectrum suggest rather that CMO could be an Fe-S protein (17) . The quaternary structure of CMO is not clear. Gel filtration and SDS͞PAGE analyses suggested that CMO might be a homodimer of subunit M r Ϸ 45,000, but did not rule out additional subunits (16, 17) . These considerations led us to study the subunit composition and prosthetic group of CMO and to isolate and characterize CMO cDNAs.
MATERIALS AND METHODS
Protein Isolation and Analyses. Enzymatically active CMO was purified as described from leaves of spinach (Spinacia oleracea L. cv. Savoy Hybrid 612) plants that had been grown and salinized with 200 mM NaCl (17) . CMO was assayed radiometrically (17) . Nonheme iron (18) and acid-labile sulfur (19) were determined colorimetrically. Protein was assayed by the bicinchoninic acid method (20) . The native M r of CMO was estimated by the PAGE method of Hedrick and Smith (21) and by gel filtration chromatography as described (17) , except that a Superose 12 column (Pharmacia) was placed in tandem ahead of the Superdex 200 column (Pharmacia) to increase resolution. The tandem column was calibrated using (M r The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact. standards (Sigma MW-GF-200) with the addition of transferrin (M r 80,000).
HPLC and Mass Spectrometry. CMO isolated as above was fractionated using a microbore HPLC system equipped with a Reliasil C 18 column (Michrom BioResources, Auburn, CA). Elution (50 l⅐min Ϫ1 ) was with a 5-95% gradient of acetonitrile in water, with 0.1% trifluoroacetic acid present throughout; the gradient was completed in 20 min. The eluate was monitored by absorbance at 214 nm. M r values of peaks were determined by matrix-assisted laser desorption ionization MS (MALDI-MS) (22, 23) . Spectra were acquired with a Voyager Elite time-of-flight mass spectrometer (PerSeptive Biosystems, Framingham, MA) operated in linear mode. The matrix was sinapinic acid. CMO mass determinations were internally calibrated using trypsinogen (M r 23,979) and bovine serum albumin (M r 66,431).
EPR Spectroscopy. Samples of purified CMO (Ϸ250 g in 250 l) were adjusted to pH 10 with 50 l of 1 M glycine-NaOH and reduced by adding 1 mg Na dithionite. They were analyzed using a Bruker ECS 106 EPR x-band spectrometer with ER 4116 DM resonator and an Oxford liquid helium cryostat. Temperature was controlled by an Oxford Intelligent controller and monitored with a thermocouple 3 mm beneath the sample tube with liquid nitrogen as the reference. The microwave frequency was sampled by a Hewlett-Packard model 5340A frequency counter. Data manipulations were carried out using the program IGORPRO 2.04 (Wavemetrics, Lake Oswego, OR).
Peptide Microsequencing. Purified CMO was subjected to SDS͞PAGE and the M r Ϸ 45,000 band was blotted to polyvinylidene difluoride membrane. Tryptic peptides were generated by the procedure of Fernandez et al. (24) and purified by reverse-phase HPLC using an Aquapore RP-300 (C 8 , 2.1 ϫ 220 mm) column developed with a trifluoroacetic acidacetonitrile gradient. Isolated peptides were subjected to sequence analysis on an Applied Biosystems model 476A protein͞peptide sequencer (Perkin-Elmer). The N-terminal sequence of the intact protein was determined on a sample further purified by reverse-phase HPLC.
cDNA Cloning. Total RNA from salinized spinach leaves was extracted as described (25) , except that a step to precipitate carbohydrates with 75 mM BaCl 2 was added prior to LiCl precipitation. Poly(A) ϩ RNA was isolated using poly(U) Sephadex (26) and used to construct a cDNA library (9 ϫ 10 6 plaque-forming units) in UniZap XR (Stratagene). A 532-bp DNA fragment was generated by reverse transcription-PCR with primers based on CMO peptides; the (ϩ) and (Ϫ) primers were, respectively, 5Ј-CCIGARCAR A AYYTNGAYC-CIAARG-3Ј and 5Ј-CCATCATRTTYTCYTCDATRTART-ARTC-3Ј. The PCR (100 l) contained 3 ng first-strand cDNA, 40 pmol of each primer, 200 M each of all four dNTPs, 50 mM KCl, 1.5 mM MgCl 2 , 0.001% (wt͞vol) gelatin, and 2.5 units of AmpliTaq DNA polymerase (Perkin-Elmer) in 10 mM Tris⅐HCl (pH 8.3). Forty cycles of 0.5 min each at 94ЊC and 30ЊC and 1 min at 50ЊC were carried out. The 532-bp fragment was isolated from low-melting agarose (27) , and labeled with [␣-32 P]dCTP (Ͼ3 ϫ 10 9 cpm͞g) by the random primer method. Library screening and in vivo excision were according to the supplier's protocols. Screening the amplified library (Ϸ2 ϫ 10 5 plaques) with this probe yielded 18 clones of which the longest was 1,189 bp. The unamplified library (Ϸ2 ϫ 10 5 plaques) was then screened with a 223-bp EcoRI fragment from the 5Ј region of this clone. Of eight positive clones, two (pRS3 and pRS5) were sequenced in both strands using the fluorescent chain terminating dideoxynucleotides method (28) . They were identical except that pRS5 lacked 150 bp at the 5Ј end and had one base change in the 3Ј noncoding region. Sequences were analyzed with the GCG sequence analysis package (29) .
DNA and RNA Blot Analyses. Genomic DNA was prepared from leaves as described (27) . Total RNA was isolated from control and salinized leaves (30) , denatured and subjected to electrophoresis in formaldehyde͞1.2% agarose gels (27) . RNA was quantified by the orcinol method (31) . Blotting and hybridizations were performed using standard protocols (27) . Molecular size markers were an RNA ladder (0.24-9.5 kb; GIBCO͞BRL) for RNA blots, and HindIII-digested DNA fragments for DNA blots. DNA blots were probed with an 1151-bp AccI-EcoRV fragment of clone pRS3.
Antibody Production and Immunoblot Analysis. Rabbit antibodies were raised against CMO purified by SDS͞PAGE. Mouse antibodies were raised against CMO purified by reverse-phase HPLC on a Delta-Pak C 18 column (3.9 ϫ 150 mm; Waters) using acetonitrile͞water as the mobile phase. To determine the effect of salinization, spinach leaf proteins were precipitated with PEG 8000 (17) , separated by SDS͞PAGE, and transferred to nitrocellulose (32) . Prestained M r markers (Bio-Rad) were run simultaneously. Blots were probed with a 1:500 dilution of rabbit serum (32) . CMO was detected after native PAGE using a 1:500 dilution of mouse ascites fluid.
RESULTS
Subunit Composition of CMO. In previous work, the purest CMO preparations that still had enzyme activity contained one major polypeptide (M r Ϸ 45,000 by SDS͞PAGE) and a few minor ones (17) . To clarify whether the latter were contaminants or additional subunits, a highly purified, enzymatically active CMO preparation was fractionated by HPLC (Fig. 1A) and the CMO peak (identified by its immunoreactivity) and minor peaks were analyzed by MALDI-MS. The mass spectrum of the CMO peak showed a strong signal at m͞z 42,864 Ϯ 22 SD (n ϭ 13 measurements); the symmetry of this signal suggested that just one polypeptide was present (Fig. 1B) . The small peaks eluting at Ϸ17-19 min gave no MALDI-MS signals, suggesting that they were small-molecule contaminants. The peak eluting at Ϸ15 min gave a signal at m͞z 11,698. However, the size of this peak relative to the CMO peak varied greatly between analyses of the same preparation (Fig. 1) , making it unlikely to be a component of the CMO holoenzyme. Taken together, these data indicate that CMO has only one type of subunit. From this it follows that one gene is sufficient to encode an active CMO enzyme.
M r of Native CMO. The M r estimated from native PAGE for the CMO band was 135,000 (Fig. 2) . A very similar value (M r 133,000) was obtained from gel filtration on a tandem Superose 12-Superdex 200 column (not shown). These values are higher than the earlier estimate of M r 98,000 from gel filtration on Ultrogel AcA 34 (16) and indicate that CMO may exist as a homotrimer rather than a homodimer. However, molecular shape and interactions with the media affect the mobility of proteins in gel electrophoresis and gel filtration chromatography so that none of these native M r values is precise enough to distinguish with certainty between a trimer and a dimer.
Evidence for a Rieske-Type [2Fe-2S] Center. Definitive evidence for an Fe-S center was sought by EPR spectroscopy and by chemical assays of acid-labile sulfide and nonheme iron. In EPR studies, upon reduction by dithionite, a rhombic spectrum with apparent g values of 2.008, 1.915, and 1.736 was observed (Fig. 3) . The narrow low field peak and broad high field trough resemble those reported for certain types of [2Fe-2S] cluster (33) . The g avg (sum of g values͞3) of this spectrum was 1.89, similar to that of many 2 His-, 2 Cysliganded Rieske-type [2Fe-2S] clusters (33, 34) . By contrast, [2Fe-2S] clusters liganded by 4 Cys residues typically have g avg ϭ 1.94 (33, 34) . The spectrum for CMO reached maximum intensity at 15 K, somewhat lower than is typical of Rieske-type clusters, but still within the expected range. Consistent with these data, CMO was found to contain approximately 2Fe and 2S per subunit (Table 1) .
cDNA Cloning. Amino acid sequences were obtained for the N terminus of CMO and for 12 tryptic peptides. Two internal sequences were used to design primers for reverse transcription-PCR, which gave a 532-bp DNA. Screening a library with this fragment yielded several truncated CMO cDNAs; the 5Ј region from the longest of these was then used as a probe to Enzymatically active CMO was prepared as described (17) . The reverse-phase HPLC elution profile (absorbance at 280 nm) of the preparation indicated that CMO was 51% of the total protein. This value, together with a Mr of 42,864 was used to calculate the molar concentration of CMO subunit. Values are means and SE (in parentheses) for three or four determinations. isolate a full-length cDNA (Fig. 4) . This cDNA (1622 bp) had 5Ј and 3Ј noncoding regions of 56 and 246 bp, respectively. A putative polyadenylylation signal (AAATAAT) preceded the poly(A) sequence by 58 bp. The ORF (1320 bp) encoded 440 amino acids that included a 60-residue transit peptide. As the ORF begins with two adjacent ATG codons, either could be the translational start. However, the sequences flanking the second ATG match the consensus translational initiation motif in plants (35) . The coding region included all the amino acid sequences determined for purified CMO. The size and composition of the deduced transit peptide were typical for a chloroplast stromal targeting peptide (36) , consistent with the stromal location of CMO (16) . The predicted M r of the processed polypeptide was 42,884. As this value differs from that obtained by MALDI-MS (M r 42,864) by less than the experimental error of the method (Ϸ0.1%) the CMO polypeptide can have very few if any posttranslational modifications.
Primary Structure Comparisons.
No sequence in the data bases had significant homology with the entire CMO sequence so that no oxygenase of this kind is known to date. Rieske-type iron-sulfur proteins share a consensus sequence Cys-Xaa-His (15-17 amino acids) Cys-Xaa-Xaa-His, where Xaa ϭ any amino acid. This motif, which is considered to be involved in binding the [2Fe-2S] cluster (34) , was conserved in CMO (Fig.  4) . This finding strongly supports the chemical and EPR data indicating that CMO has a [2Fe-2S] center. Between the Cys-His pairs, the CMO sequence had more residues in common with bacterial aromatic-ring dioxygenases than with other Rieske-type iron-sulfur proteins (37) . Consistent with this, homologies in the region around the consensus sequence were somewhat stronger with these dioxygenases than with bacterial alkyl-group hydroxylases or Rieske iron-sulfur proteins of mitochondria and chloroplasts. Representative data for each of these families (38) are shown in Table 2 .
CMO Induction by Salinity. In unsalinized plants, CMO mRNA levels were low in both expanding and expanded leaves. Salinization increased these levels, especially in expanded leaves (Fig. 5A) . CMO protein levels (Fig. 5B ) and enzyme activity (Fig. 5C ) broadly paralleled these changes. Most of the rise in CMO activity in salinized plants can therefore be ascribed to increased gene expression rather than to enzyme activation. The magnitude of the salt induction of CMO mRNA is comparable to that reported for BADH (8) .
Analysis of Genomic DNA. Following digestion of spinach genomic DNA with HindIII, EcoRV, or EcoRI, blot analysis revealed single bands of about 18, 9, and 3.7 kb, respectively (data not shown). This is consistent with there being one CMO gene containing a large intron(s). Reconstruction experiments also suggested a single copy of CMO per haploid genome (not shown).
DISCUSSION
Our results indicate that CMO is an oligomer of identical subunits, each of which has a Rieske-type [2Fe-2S] clusteri.e., one that is liganded by two Cys and two His residues. The presence of this cluster, and the amino acid sequence of the protein, place CMO in a new class of plant oxygenases. Although without known relatives among plant oxygenases, CMO appears to be distantly related in structure to various bacterial oxygenases that, like CMO, require ferredoxin (or a ferredoxin-like domain in a larger protein) as electron donor (34) . It is therefore reasonable to speculate that CMO is, in common with other nuclear-encoded chloroplastic enzymes (39), of prokaryotic origin.
The cDNA cloning of CMO and the finding that salt stress enhances CMO expression have implications for agriculture. As stated in the Introduction, it has been thought for some time that engineering the synthesis and accumulation of glycine betaine into crops naturally lacking it could improve their stress tolerance (40, 41) . Although bacterial choline oxidases (3) or dehydrogenases (42) are being explored for this purpose, use of CMO (in conjunction with BADH) may be preferable The data shown are for representative members of the bacterial aromatic-ring dioxygenase and alkyl-group hydroxylase families (8) and of the Rieske protein family. The regions of homology that were compared included the conserved [2Fe-2S] cluster binding motif. Local homologies were first identified using BLASTP with nonredundant sequences in the National Center for Biotechnology Information (NCBI) database and individual entries were compared by FASTA. for two reasons. First, the reduced ferredoxin requirement of CMO links glycine betaine synthesis with the light reactions of photosynthesis. This could help to match the supply of glycine betaine with the demand for osmotic adjustment and osmoprotection, which climbs rapidly after sunrise as the water potential and water content of salt-or drought-stressed leaves start falling (43) . Second, the spinach CMO gene, like the BADH gene (8) , presumably has stress-responsive cis regulatory elements. These may be essential to reproduce the natural pattern of stress-induced glycine betaine accumulation in engineered crops. It is now possible to isolate CMO genes and to begin identifying these elements.
